Abstract. The biosynthesis of steviol glycosides is affected by both genetic and environmental factors. To evaluate the influence of total daily solar radiation or daily light integral (DLI) under long-day conditions on steviol glycoside concentration, we grew Stevia rebaudiana under ambient irradiance or varying levels of shading at different times of the year in both greenhouse and field environments, resulting in DLIs ranging from 3.55 to 20.31 mol · m L2 · d L1 in the greenhouse and 10.32 to 39.7 mol · m L2 · d L1 in the field. Total steviol glycoside concentration of selected leaves from greenhouse-grown plants increased as DLI increased up to ca. 10 mol · m L2 · d
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, remaining constant with further increases in DLI, and was similar across the range of DLIs evaluated in the field. DLI influenced both the concentration and the relative proportions of specific steviol glycosides. Rebaudioside A concentration increased as DLI increased from 3.55 to 8.53 mol · m The production of steviol glycosides in plant species is rare, a characteristic that Stevia rebaudiana shares with only three other known species, Stevia phlebophylla (Kinghorn et al., 1984) , Rubus suavissimuss (Ohtani et al., 1992) and Angelica keiskei (Zhou et al., 2012) . Steviol glycosides are tetracyclic diterpenes, which share precursors with gibberellins (Brandle and Telmer, 2007) . Discovery of new diterpene glycosides has been swift in recent years, and at least 34 steviol glycosides have been identified in S. rebaudiana (Ceunen and Geuns, 2013a) .
The diversity of steviol glycosides results from differential glycosylation of the aglycone steviol by several cytosolic Uridine diphosphate (UDP) glycosyltransferases (Brandle and Telmer, 2007) . These UDPglycosyltransferases (UGTs) transfer activated sugars, usually UDP-glucose, to acceptor molecules that produce the mixture of glycosides found in the vacuoles of leaf cells of S. rebaudiana (Richman et al., 2005) . The enzymes catalyzing steps in the steviol glycoside biosynthetic pathway are beginning to be elucidated, including the glycosylation of steviol by UGT85C2, the first step in steviol glycoside formation, to form steviolmonoside (Mohamed et al., 2011) . Stevioside, a triglycoside, and rebaudioside A, a tetra-glycoside, are typically produced in the highest concentrations while glycosides, including rebaudioside B (triglycoside), rebaudioside C (tetra-glycoside), rebaudioside D (penta-glycoside), and rebaudioside M (hexa-glycoside; also known as rebaudioside X) are typically produced in much lower concentrations (Kennelly, 2002) . UGTs are not specific to S. rebaudiana and play a large role in the diversity of secondary metabolites produced by plant species (Richman et al., 2005) . At least 12 UGTs have been identified in S. rebaudiana, but only three have been directly linked to steviol glycoside synthesis (Ceunen and Geuns, 2013a; Richman et al., 2005) .
Several studies have explored the effects of photoperiod Geuns, 2013b: Metivier and Viana, 1979; Valio and Rocha, 1977; Zaidan et al., 1980) and the effects of light quality, specifically, red light (Ceunen and Geuns, 2013b; Ceunen et al., 2012) on steviol glycoside accumulation in S. rebaudiana. However, the effects total daily radiation or the DLI have yet to be elucidated. Previous studies have quantified biomass yield potential under a range of DLIs under long photoperiods, however, no glycoside data were reported (Ermakov and Kochetov, 1996) . A more recent study found that a reduction in light did not significantly affect steviol glycoside concentrations except at the crop development period described as the flower initiation stage, where rebaudioside A levels were significantly higher with 25% light reduction (Kumar et al., 2013) . However, only stevioside and rebaudioside A levels were reported. The effect of DLI on synthesis of rebaudiosides B, C, D, and M has not previously been reported. The objective of this study was to evaluate the influence of DLI during long days on the concentrations and relative proportions of several steviol glycosides. Experiments were conducted in both greenhouse and field environments to create a wide range of DLIs.
Materials and Methods

Experiment 1
Plant material and propagation. Plants were placed into their respective treatments on 3 May 2012 (run 1) and 5 Oct. 2012 (run 2), and spaced 23 cm from midpot to midpot. After 4 weeks in treatment, all plants were repotted into 15-cm square plastic containers (2506 mL) filled with the same medium and spaced 36 cm from midpot to midpot. Plants were grown in treatment for 9 weeks following the ethephon application.
DLI treatments. Six different DLIs were created using two different woven shadecloths (OLS 50, OLS 30; Ludvig Svensson Inc., Charlotte, NC) or no shadecloth, over two time periods (May-July and OctoberDec. 2012, runs 1 and 2, respectively), resulting in average DLIs ranging from 3.55 to 20.31 mol · m -2 · d -1 (Table 1) . Tissue sampling and steviol glycoside analysis. Following 9 weeks in treatments, leaf tissue samples were collected for quantification of steviol glycosides. Ten fully expanded leaves selected from about 66% of the height of the plant (from the base) were collected (representing young, but fully expanded leaves) and dried at 65°C for at least 72 h, then transferred to 15-mL conical tubes and held at -20°C. Ten samples per genotype from each treatment and replicate were selected for analysis. Samples were allowed to warm to room temperature before seven stainless steel ball bearings (3.97 mm diameter, 440C-G16, VXB Ball Bearings; NationSkander California Corp., Anaheim, CA) were added to each tube. Samples were ground via shaking with an adapted paint shaker for 15 min until the sample was a fine powder. Ten to twelve milligram samples were transferred to 1.5-mL centrifuge tubes and the mass was recorded for each sample. One milliliter of extraction buffer (final concentration 6.78 M ethanol, and 0.1mM digitoxin) was added to each sample. Samples were shaken using a vortex mixer with microtube foam insert (Scientific Industries Inc., Bohemia, NY) for 10 min at room temperature. Samples were then centrifuged at 21,000 g n for 10 min at 4°C. The supernatant was transferred to a new 1.5-mL centrifuge tube. Extract supernatant was prepared for analysis by using a Millipore deep well filter plate and deep well 96-well receiving plate (Millipore Corporation, Billerica, MA) as previously described by Shafii et al. (2012) . Stevioside and rebaudiosides A, B, and C were quantified by ultra-high performance liquid chromatography-tandem mass spectrometry as previously described (Shafii et al., 2012) with the addition of rebaudioside D quantification with the following parameters: multiple reaction monitoring (MRM) transition m/z 1127 > 803, retention time 2.6 min, declustering potential -35 V, entrance potential -10 V, and collision potential -45 V. Morphological data collection. At the time of tissue collection for glycoside analysis, the number of nodes on the tallest branch (opposite and alternate nodes were each counted as one), canopy height (cm, from soil line to tallest point), and average leaf area (one leaf measured twice collected from the seventh node down from the apex of the tallest branch) were determined. Leaf area was calculated by averaging two measurements of the same leaf using a leaf area meter (LI-3000; LI-COR, Lincoln, NE).
Statistical analysis. Six DLI environments were generated over the two runs. Normality of all data was evaluated by applying the Shapiro-Wilk statistic to the residuals of the data in PROC UNIVARIATE procedure in SAS version 9.3 (SAS Institute, Cary, NC). Homogeneity of variances was confirmed by examining residual plots. Concentrations of stevioside and rebaudiosides A, C, and D (log transformation) and proportion of rebaudioside B (square root transformation) were transformed to meet analysis of variance (ANOVA) assumptions for normality. ANOVA and means separation (Tukey's HSD (0.05) ) were conducted using PROC GLM.
Experiment 2
Plant material and propagation. On 27 Mar. 2013, genotype 10-43-41 was propagated by cuttings into plug trays [72-cell size square (59 mL volume)] in the same soilless medium and propagation environment as described in experiment 1. On 24 Apr. 2013, when plant roots reached all corners of the plug cell and vegetative growth was observed, rooted cuttings were transplanted into larger plug trays [50-cell size, round (76 mL volume)] with media composed of 100% Suremix Perlite potting mix.
Field environment and plant culture. On 7 June 2013, four plants were transplanted into each of five plots in each of three white plastic-covered north-south-oriented raised rows (15 cm high by 66 cm wide), for a total of 15 plots, in a capac loam soil field at the Michigan State University Horticulture Teaching and Research Center (Holt, MI). Soil pH measured was at 6.7 and the average electrical conductivity (EC) was 0.51 mS. Transplants were positioned in two staggered north-south rows per plastic-covered row, set 15 cm inside from each plastic-covered row edge. Within-row spacing was 46 cm and between-row spacing was 36 cm. Irrigation was supplied via natural rainfall as well as by drip tape underneath the plastic in each row. Supplemental irrigation was used only on four dates: 15, 17, 25, and 26 July 2013, when the soil did not contain sufficient water to clump together when squeezed. Preplant fertilizer was applied supplying (kg/ha) 79.9 N, 34.9 P, and 66.3 K. The light environment was created by the natural photoperiod and DLI (42°N latitude). Minimum, maximum, and average daily temperature and DLI was recorded by a miniature weather station situated near the experimental treatments (Watch Dog WeatherTracker Model 305; Spectrum Technologies, Aurora, IL). The average temperatures with standard deviation for each minimum, maximum, and average daily temperatures were 14.6 ± 3.8, 27.30 ± 3.9, and 20.56 ± 3.5°C, respectively. Temperatures ranged from 6 to 35°C over the course of the experiment. Daily light integrals and temperatures for the experimental period were recorded (Figs. 1 and 2 (Table 2) . Tissue sampling and steviol glycoside analysis. Following 8 weeks in treatments, tissue samples were collected from each plant individually for quantification of steviol glycosides as described for experiment 1. Samples were ground, extracted, and analyzed for steviol glycoside concentrations as described for experiment 1, with the exception that rebaudioside M was quantified with the following parameters: multiple reaction monitoring transition m/z 1289 > 803, retention time 2.8 min, declustering potential -45 V, entrance potential -4 V and collision potential -60 V, while rebaudioside B was not quantified.
Statistical analysis. The experiment employed a randomized complete block design, with each of three plastic-covered rows representing a block. Spacing between treatments within a block was 200 cm. DLI treatments were randomized within a block. Normality of the data was evaluated by applying the Shapiro-Wilk statistic to the residuals of the data in PROC UNIVARIATE procedure in SAS version 9.3. Homogeneity of variances was confirmed by examining residual plots. After removing one outlier from the 11.11 mol · m -2 · d -1 treatment group, data met ANOVA assumptions. ANOVA and means separation (Tukey's HSD (0.05) ) were conducted using PROC GLM.
Results
Experiment 1
Morphological traits. Morphological traits were differentially affected by DLI, run, and genotype. Node number for 10-43-41 did not differ between DLIs or runs, whereas node number for 11-464 varied between runs but was not influenced by DLI (Table 3) . Plant height was influenced by genotype and run. Genotype 10-43-41 was always taller than 11-464 within a treatment and run, and plant heights for run 2 were taller than plants in run 1 at comparable DLIs for both genotypes. Leaf area was affected by DLI and genotype, with leaf area generally decreasing as DLI increased (Table 3) .
Steviol glycoside concentrations. Individual glycoside concentrations were differentially affected by DLI and genotype (Fig. 3) . Stevioside concentration was affected by a DLI · run interaction, so runs were analyzed independently. Stevioside increased as DLI increased from 3.55 to 10.5 mol · m (Fig. 3A) . Rebaudioside A and rebaudioside C concentrations increased for both genotypes as DLI increased from 3.55 to 8.53 mol · m -2 · d -1 (Fig. 3B and D) , while further increases in DLI did not increase concentration of either glycoside. Genotype 11-464 produced a higher rebaudioside A and C concentration than 10-43-41, regardless of DLI. Rebaudioside B concentration was low (<4 mg/g) for both genotypes, regardless of DLI, but increased linearly for both genotypes as DLI increased (Fig. 3C) . The concentration of rebaudioside D was not significantly influenced by DLI (Fig. 3E) . Genotype 10-43-41 had a higher rebaudioside D concentration than genotype 11-464, regardless of DLI. Total steviol glycoside concentration (the sum of the five glycosides assayed) increased as DLI increased up to ca. 8.53 mol · m -2 · d -1 for both genotypes (Fig. 4) , while further increases in DLI did not increase total glycoside concentrations. Genotype 11-464 generally produced higher total steviol glycoside concentrations than 10-43-41 across the range of DLIs examined.
Steviol glycoside proportions. The relative proportions of individual glycosides (percentage of individual glycoside calculated from total glycosides) were all affected by DLI (Fig. 5) . The proportion of stevioside was highest at the lowest DLI of 3.55 mol · m (Table 4) . Rebaudioside A, C, and M concentrations, as well as total steviol glycosides, were not significantly influenced by DLI. The relative proportion of stevioside and rebaudioside D decreased as DLI increased from 10.32 to 39.70 mol · m -2 · d -1 (Table 4) , while the relative proportion of rebaudioside A and rebaudioside C increased as DLI increased. The proportion of rebaudioside M was not influenced by DLI.
Discussion
Environmental parameters, specifically the irradiance parameters photoperiod and light quality, can affect steviol glycoside synthesis (Ceunen and Geuns, 2013b; Ceunen et al., 2012 ). Our results demonstrate that for stevia plants grown under long days, DLI affects glycoside concentration as well as the relative proportions of specific glycosides, particularly as DLI increases up to ca. 10
. The two genotypes evaluated here responded similarly to DLI, though glycoside concentrations varied by genotype.
Varying irradiance levels could affect steviol glycoside biosynthesis by influencing photosynthetic production and overall substrate availability, and/or by differentially influencing efficiency of specific steps in the steviol glycoside biosynthetic pathway. Previously, total steviol glycoside concentration in plants grown in vitro increased over 4-fold as media sucrose concentration increased from 3% to 5% (Guleria et al., 2011) , which the authors attributed to an enhancement of the transcriptional triggers for genes involved in steviol glycoside biosynthesis. In this study, total steviol glycoside concentration increased as DLI increased to ca. 8-10 mol · m
, above which total steviol glycoside concentration was similar, suggesting that steviol glycoside synthesis may be constrained by primary productivity under low DLIs. In support of this, (Guleria et al., 2011) determined that expression of several genes important in early steps in the steviol glycoside biosynthetic pathway, including copalyl diphosphate synthase, kaurene oxidase, and kaurene synthase, which function upstream of steviol synthesis, and the UGT gene UGT85C2, which encodes the enzyme that catalyzes glycosylation of steviol to form steviolmonoside (Richman et al., 2005) , increased as media sucrose concentration increased from 1% to 5%. However, abundance and activity of these enzymes in response to DLI have yet to be determined.
The availability of sucrose may also indirectly influence the production and/or accumulation of particular glycosides by altering expression of UGT76G1. UGT76G1, which is known to be involved in several steps in the pathway, including the glycosylations of stevioside to form rebaudioside A, dulcoside A to form rebaudioside C and steviolbioside to form rebaudioside B, exhibited increased expression as sucrose concentration increased from 1% to 5% (Guleria et al., 2011) . These three compounds, which were quantified in expt. 1 (rebaudiosides A, B, and C) and expt. 2 (rebaudiosides A and C only), all increased in both concentration (Fig. 3) and/or relative proportion (Table 4 ; Fig. 5 ) as DLI increased. In contrast to rebaudiosides A, B, and C, concentration of rebaudioside D did not increase with increasing DLI in expt. 1 (Fig. 3E) , and decreased as DLI increased from 10.32 to 39.7 in expt. 2 (Table 4 ). The relative proportion of rebaudioside D decreased with increasing DLI in both experiments ( Fig. 5 ; Table 4 ). Since rebaudioside A is the major precursor for rebaudioside D, it does not appear that rebaudioside D synthesis is being limited by precursor availability.
Experiments 1 and 2 were conducted in a greenhouse and field, respectively, to achieve a wide range of DLIs. The DLIs employed in the two experiments overlapped in the range of ca. 10-20 mol · m
. The concentrations of steviol glycosides within this range were similar between the two experiments with the exception of stevioside. Stevioside concentrations were 2.5-to 3-fold higher in the field (expt. 2) than in the greenhouse (expt. 1) within this DLI range (Table 4 ; Fig. 3A ). Because these environments could not be identical, other factors aside from DLI may have played a role in the observed variation. Brandle and Rosa (1992) stated that glycoside levels in leaf tissue can be affected by environment, particularly agronomic practices, which Shock (1982) specified as fertilizer inputs and harvest regimes. The effects of daylength have also been examined and found to be important for glycoside accumulation (Metivier and Viana, 1979) as well as the spatiotemporal allocation of those glycosides (Ceunen and Geuns, 2013b) . However, the daylength differences between the two experiments were minimal.
One of the largest differences between the growing conditions in expt. 1 vs. expt. 2 was the fluctuation in day and night temperature. Experiment 1 was conducted in a greenhouse under constant temperature conditions. Since expt. 2 was performed outdoors, the plants were subjected to a wider range of temperatures (Table 2; Fig. 2) , and a positive difference (DIF) between temperature during the light and dark periods. DIF has been shown to influence secondary metabolite concentration. Specifically, a greater positive DIF increased anthocyanin content in Perilla frutescens var. acuta (Park et al., 2013) . Whether day/night temperature fluctuation compared with constant temperature influences steviol glycoside synthesis is not known.
Stevioside concentration was also more variable between runs 1 and 2 of expt. 1 than any other glycoside evaluated. One environmental difference between the two runs of expt. 1 is a contrast in light quality due to differing amounts of time that supplemental lighting was employed. High-pressure sodium lamps deliver a higher ratio of red to far-red light than natural sunlight (Ballare and Scopel, 1994) . Red to far-red ratio influences phytochrome photoequilibria and phytochrome signaling (Franklin and Quail, 2010) resulting in differential gene expression. One study examining the effects of red light on steviol glycoside biosynthesis found that plants exposed to 1 h of night-interruption red light produced higher amounts of total steviol glycosides, although the proportions of measured glycosides remained relatively constant (Ceunen et al., 2012) . The authors hypothesized that the phytochrome-mediated responses have an effect on the upstream genes in the steviol glycoside pathway, and not the more downstream UGTs responsible for the glycosylation of steviol. In this study (expt. 1), similar DLIs were created in run 1 and run 2, averaging 11.87 and 10.50 mol · m
, respectively. However, the natural DLI during run 2, which was conducted in the fall, was much lower than the natural DLI during the summer months of run 1. Therefore, supplemental lighting was employed more often in run 2, especially in the evening and morning hours since the ambient daylength was also shorter. Stevioside concentrations were considerably higher in run 2 (18.07 mg/g), compared with run 1 (10.88 mg/g). A more thorough understanding of how phytochrome-mediated responses may affect the steviol biosynthesis pathway, or particular components such as stevioside, is needed.
Collectively, these results show that DLI, particularly <10 mol · m , can influence both the concentration and composition of the steviol glycoside pool. The relative proportion of a particular glycoside is important as it can influence extraction and purification efficiency. This study has also shown that, although the general response by stevia genotypes to DLI may be similar, the degree of response can vary by genotype. Stevia rebaudiana possesses considerable genetic variability due to high rates of outcrossing (Heikal et al., 2008; Singh et al., 2008) . Therefore, more genotypes or populations should be evaluated in describe the degree of variability in stevia responses to DLI under long photoperiods. 
